The holographic Witten-Sakai-Sugimoto model is an almost parameter-free approximation to large-Nc QCD with chiral quarks that in a number of cases gives surprisingly good quantitative results for light meson physics. It also allows for predictions of the decay rates of glueballs into pseudoscalar and vector mesons through the coupling of modes on the flavor branes to the massive gravitational modes in the bulk. Including effects from finite quark masses leads to an enhancement of the decay of scalar glueballs into heavier pseudoscalars in good agreement with the decay pattern observed for the scalar glueball candidate f0(1710). Tensor glueballs are found to have a large width when their masses are above the 2ρ and 2K
Glueballs, color-neutral bound states of gluons only, are a cornerstone prediction of QCD. They appear as additional states in the meson spectrum usually made of quark-antiquark pairs, but because of possible mixing of flavorlessstates and glueballs, the experimental status of the latter is still very unclear. 1 In quenched lattice QCD, the glueball spectrum is fairly well established, 2 with a rather mild dependence on the number of colors 3 . Moreover, a recent study 4 points to only comparatively small changes when dynamical quarks are included. This seems to suggest that glueballs in real QCD may be approached from the large-N c limit, where glueballs are parametrically narrow and mixing is suppressed.
Gauge/gravity duality offers a possible avenue towards QCD in the large-N c limit. In particular, the Witten-Sakai-Sugimoto model 5,6,7 is an almost parameter-free string-theoretic construction that is connected to the low-energy limit of large-N c QCD with massless quarks, albeit the limitations of the supergravity approximation make it prohibitively difficult to systematically improve this model. Nevertheless, the Witten-Sakai-Sugimoto model has not only been found to successfully reproduce several qualitative features of low-energy QCD, but frequently gives quantitative predictions within 10-30% of experimental results. 8 In this model, the confinement scale is related to a Kaluza-Klein scale M KK where a fivedimensional supersymmetric Yang-Mills theory is dimensionally reduced to non-supersymmetric pure Yang-Mills theory. Flavor D8 branes which accommodate chiral quarks in the fundamental representation are asymptotically separated in the extra spatial dimension, but they connect in the bulk, thereby realizing chiral symmetry breaking. Vector mesons appear as flavor gauge field modes on the D8 branes, relating M KK to the mass of the ρ meson, while the 't Hooft coupling at this scale is related to the pion decay constant. This gives 6,7 M KK = 949 MeV and λ ≈ 16.63. Matching alternatively 8 to the large-N c lattice result of the ratio of string tension to m 2 ρ gives a lower value of λ ≈ 12.55. Encouragingly, with this range of parameters, the experimental decay rate of ρ and ω mesons is covered by the result from the Witten-Sakai-Sugimoto model, which is of order λ −1 N −1 c and λ −4 N −2 c , respectively. 7 The model also provides a Witten-Veneziano mass for the would-be U(1) A Goldstone boson, 6 which combined with explicit quark masses yields masses for η and η ′ mesons that deviate only by ∼ 10% from experiment. 9 The spectrum of glueballs in this model has been worked out already 2000 by Brower, Mathur, and Tan 10 . The lightest (scalar) state turns out to correspond to an "exotic" graviton polarization 11 , followed by a (mostly) dilatonic scalar and tensor mode which are degenerate in mass. This appears to resemble the spectrum observed in lattice QCD, where the lightest glueball is significantly lighter than the tensor glueball. However, with M KK fixed by the ρ meson of the Sakai-Sugimoto construction, the lightest ("exotic") scalar glueball comes out at a mere M E ≈ 855 MeV, whereas the mostly dilatonic scalar (and the tensor) mode has M D = M T = 1487 MeV, which is close to lattice results for the scalar glueball, but too light for the tensor.
Decay rates for the holographic glueballs have been first considered by Hashimoto, Tan, and Terashima 12 . Brünner, Parganlija, and myself 13 have revisited these calculations and extended them beyond the lowest (exotic) mode. Surprisingly enough, the latter turns out to be much broader than the heavier dilatonic scalar, which adds to the suspicion 11 that the former might have to be discarded from the model. a The predominantly dilatonic scalar is indeed more similar to how a scalar glueball is usually represented in gauge/gravity duality. The result for its decay rate into (massless) pions reads
This is smaller than the experimental value 0.025(3) for the glueball candidates f 0 (1500) whose mass would match almost perfectly with M D . Moreover, this isoscalar 0 ++ meson decays predominantly into four pions, whereas decay into four pions is very strongly suppressed in the holographic model. Indeed, phenomenological models that favor f 0 (1500) as a glueball candidate 15 do so with rather large mixing withstates, contrary to the working hypothesis of the holographic approach. In fact, recently attention has turned increasingly to the meson f 0 (1710) as a glueball candidate. 16,17,18 Its (not officially established) decay rate into pions indeed seems to match the result (1). The main difficulty in accepting f 0 (1710) as glueball candidate is however the strong flavor asymmetry in its decay pattern where decays into kaons dominate. To explain this, "chiral suppression" of scalar glueball decay has been proposed 19 , but the underlying perturbative reasoning appears questionable 20 . In the holographic setup, explicit quark mass terms almost unavoidably lead to additional vertices between glueballs and pseudoscalar mesons. Brünner and myself 21,9 have studied this question in the Witten-Sakai-Sugimoto model when it is deformed by explicit mass terms and we have found that when the explicit mass terms couple in the same manner as the Witten-Veneziano mass term the resulting decay pattern indeed reproduces that of f 0 (1710) surprisingly well, see Table 1 . Here we have extrapolated the mass of the glueball to the observed mass of f 0 (1710) in a manner which keeps the dimensionless chiral result (1) fixed. However, because the mass of f 0 (1710) is above the threshold of 2ρ and 2ω mesons, the decay into four and six pions is no longer suppressed. Together with limits on the rate of decays into ηη ′ pairs 9 , this represents a falsifiable prediction of the holographic model.
The Witten-Sakai-Sugimoto model also predicts the decay pattern of tensor glueballs, 13 which should in fact be less sensitive to explicit quark mass terms. However, the lattice prediction of the tensor glueball mass at around 2.4 GeV is very much above the holographic result. Extrapolating the latter to such high masses, again by keeping the dimensionless chiral result of decay into pairs of pseudoscalar mesons fixed, now gives a very large contribution from decays into 2K * , 2ρ, 2ω, and 2φ vector mesons as shown in Table 2 . This suggests that tensor glueballs in this mass range may be too broad to be observable at all. A comparatively broad glueball candidate is provided by the isoscalar f 2 (1950) which has Γ/M ≈ 0.24 (1) . With the corresponding mass parameter, the holographic result of 0.3. . . 0.42 appears to be at least marginally comparable.
A more promising case seems to be that of pseudoscalar glueballs. According to the WittenSakai-Sugimoto model, these glueballs should be rather narrow states. 24
